Abstract
Overview
JTT Electronics (JTT) is a Vancouver-based firm that develops Lithium Ion battery packs, optimized for different applications that include electric vehicles, electric scooters, and back-up power systems of several scales.
General introduction to Li-Ion batteries can be found in [1, 2] . A key aspect of their technology is their proprietary Battery Management Systems (BMS), that monitor the battery pack to maintain safe operation during charging and use, and allow some performance optimization. Such systems have a component that estimates the pack State of Charge (SoC), that is the amount of charge still in the pack to deliver application power. The simplest SoC indicators rely on an invariant model of the cell's performance to yield their output and do not take into account how a pack is changing over time [3, 4] . The performance of batteries decreases over time and with use, described as a change in the battery's State of Health (SoH) [5] . All commercially available BMS devices that we are aware of do not currently monitor SoH. Some aspects of SoH are easy to determine (total charge capacity of a cell can be determined through a discharge and full charge cycle if the application permits this) but others are not. Ideally, SoH would be determined by a BMS without recording and analyzing extensive use history. Knowing the characteristics of a battery (and when it should be replaced) as it ages and in different conditions is important for many applications (electric vehicles, electric scooters for people with disabilities, remote sensing). Such estimates also allow more optimal operation of larger systems with many packs. A next generation of BMS with SoH estimation capability would be a valuable product for JTT.
SoH modelling requires experimental results of battery performance over a long time period. Several months of experimenting has been done in the battery laboratory in the UBC CHBE department, with results shown below. These experiments were done by Arman Bonakapour, a research associate in that department, and XiangRong (David) Kong, the graduate student involved in the project. A novel method to determine SoH was proposed by Daniel Wang, an engineer at JTT, and its possible utility was backed by an analysis of our experimental results.
Experimental
On the recommendation of James Garry, a consultant at JTT at the beginning of the project, cylindrical 18650 lithium-ion rechargeable cells (Panasonic NCR18650B, Figure 1 ) of LiCoO2 chemistry were tested in this work. This is a well-known and commonly used battery, and it has been used in larger packs (the early Tesla battery packs for example). It was felt that using a well-known commercial battery type would make the results of greater interest to the larger scientific community and would avoid the IP issues of using proprietary JTT cells.
The nominal cell voltage and capacity of these cells are 3.6V and 3.2Ah, respectively. The manufacturer recommended charge/discharge voltage boundaries are between 2.5 and 4.2V.
So far, we have done 100+ 1C charge and discharge cycles for these cells. As you can see below, this is enough to see some SoH loss (increased DC resistance and loss of capacity). Galvanostatic cycling is performed within the manufacturer specified voltage range of 2.5-4.2V. Electrochemical impedance was measured between 50kHz-10mHz by applying a volt- 10. Collect (EIS); 50kHz-10mHz at 40mV amplitude Figure 2 shows a typical current and voltage profile of the batteries for one charge/discharge cycle. It can be seen that a cycle is made up of three stages. During constant current discharging, the current is denoted as a negative value and the voltage decreases non-linearly until it reaches the pre-designated cut-off voltage (2.5V). During constant current charging, the current is held constant with a floating voltage until the voltage reaches its designated maximum charging voltage (4.2V), at which point constant voltage charging begins. When the battery is held at a constant voltage, its current decreases until it reaches a very low cut-off value. Throughout all cycles, the anode and body temperature of the battery cells are measured and recorded by attaching thermocouples and then insulated with tape. This generates a temperature profile for the chosen current rate (1C).
All five treatments include electrochemical impedance spectroscopy (EIS) conducted under room temperature. EIS data is fitted with appropriate equivalent circuit model shown in Figure 3 . This fitting allows the extraction of (high frequency) resistance and capacitance of the battery versus cycle number. The fitting was performed using the EC-Lab software from Bio-logic, with the quality of the fitting indicated by Chisquared test. Figure 4 shows the voltage vs. capacity curves for every twenty discharge cycles starting from cycle 2. Discharging curves move to the left as cycle number increases, indicating that the capacity, or the amount of charge the battery is able to hold, decreases as it is cycled. Also shown are the voltage versus capacity for the CC portion of the charging cycles, which show a similar trend.
Overall charging capacity (CC plus CV) is nearly identical to discharge and shows a similar trend of lower capacity with cycling as shown in Figure 5 (discharge and total charging results overlap on the figure). The figure shows that the CC portion of charging capacity decreases with cycle as predicted by the results shown in Figure 4 (right). However, CV charging capacity increases with cycle number and the lower figure shows a magnified version of the trend, which looks initially linear but appears to be saturating. The most likely explanation for the trend is that battery internal resistance increases with use, and thus the CC cycle ends earlier.
SoH Measuring Strategy
It is clear from the literature and our experimental results that total battery capacity decreases with use. However, the only way this can be put to use to measure SoH is to fully charge then discharge (or vice-versa) the battery in controlled conditions. This would be time consuming and Figure 4 : Voltage vs. Capacity Curves could waste power. However, whatever the battery usage was, the CV charging cycle begins in a reproducible way. If the CV charge can be run to completion (in an evening off duty cycle period, for example) the CV capacity can identify the cycle number in our tests (see Figure 5 , lower graph). We consider 1C cycle number as a proxy for general SoH but this requires further experimental work as described in Section 5 below. Figure 6 shows the battery temperature vs. time for every six cycles starting from cycle 1, with the left graph the anode temperature and the right graph the body temperature. Notice the peaks of the anode temperature is in general about 2 degrees Celsius higher than that of the body temperature. These need to be processed to remove ambient temperature trends. After that, we may be able to observe trends in these profiles with cycle number. Figure 7 shows a typical EIS curve in blue, along with its equivalent circuit model fit in red. The dual semi-circles inform resistance and capacitance of the battery, and the rising tail informs the Wahlberg unit which represents the resistance due to electrochemical mass transfer of ions inside the battery. Figure 8 shows the all EIS measurement taken during the 101 cycles. Recall that in each cycle, EIS measurement is taken once before discharging, once after discharging, once after CC charging, and once after CV charging. The left y-axis and the blue data points show the resistance while the right y-axis and the orange data points show the capacitance. All axes are normalized for easy comparison. On the graphs, the total resistance and capacitance of the equivalent circuit in Figure 3 are shown. Figure 7a shows a nearly linear increase in resistance and a slowly increasing capacitance, which is observed in many literature studies as well. Notice that figure 7a and 7d are nearly identical, since no operation is performed after CV charging (7d) and before discharging (7a). What is Figure 7b and 7c, taken after discharge and after CC charge, respectively. The former shows the highest resistance and capacitance in all four stages while the latter shows the lowest. The EIS profile data show that a charging battery and a discharging battery do not have the same characteristics. While resistance shows an increasing trend in all four stages, it decreases after discharge in Figure 7b . This is unexpected and requires further investigation. In general, the interpretation of these high frequency impedance curves will take some thought. Note that the resistance here is not the DC resistance observed in the charge and discharge cycles in Figure 4 .
Other Results

Planned Experimental Continuation
Consider the limited (to 1C charging and discharging cycles) measurements of SoH decay that we have. Consider specifically the discharge curve on the left side of Figure 4 . We can consider the voltage V as a function of θ, the cumulative discharge in Ah and γ, the 1C cycle number. Here, we are considering γ as a proxy for age, as a parameter for SoH. We plan to make a fit of V (θ, γ) for 1C discharge in a way that allows extension to other discharge rates. We plan to do lifetime testing for three other operating conditions: Thermal cycling with no current. We are getting equipment in place to be able to thermally cycle batteries with external heating to match the thermal cycles in Figure 5 . The results would disambiguate SoH loss to 1C cycling versus just the thermal effects of the cycling. This novel experimental work, suggested by James Garry, would make the study publishable.
What will be interesting if the SoH loss from these other cases follows the same parametrization of V (θ, γ), although γ will no longer correspond to cycle number. If so, this could also be of relevance to JTT technology: Imagine a BMS running a battery of unknown SoH γ but well characterized as we have done for NCR18650B cells. After charging, the BMS keeps track of discharge θ. As it draws current, it can check the measured voltage against θ. Consider for example 1C current at 1.5Ah discharge on figure 4 . From the voltage, the cycle number γ can be inferred. Then, the BMS can predict later performance of the cell, knowing an estimate of its SoH. Of course, we do not know if different conditions affect the SoH in a similar enough way to make this parametrization, but it is an idea we 
Outcomes
Discussions with JTT so far have not led to concrete plans to continue the collaboration. They were potentially interested in participating in a larger battery research consortium that would bring together the several companies in the Vancouver area that are developing or using battery technology.
The Engage grant provided experimental equipment for the UBC CHBE battery lab that will see ongoing use in this and other projects. In addition, it provided the graduate student, David Kong, with experience in battery experimental work and data analysis.
We would like to thank NSERC for the opportunity to develop our expertise in this area of increasing commercial and scientific interest, working with JTT.
